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QUARKSTRUCTUREFUNCTIONSMEASUREDWITH THE DRELL-YANPROCESS

G. T. GARVEY

Los Alamos National Laboratory, Los Alamos, New Mexico 87545, U.S.A.

1. INTRODUCTION

This paper presents the physics relevant to showing that the Drell-Yan

process offers the possibility for measuring flavor specific quark momentum

distributions of free hadrons and their possible modification in nuclei. The

use of this process has been advocated by several authors and some of this

previous work will be heavily drawn upon.

There exist useful reviews of the Drell-Yan process, for example an

excellent 1982 reviewl by Kenyon and the proceedings of the Fermi Lab Drell-Yan

Workshop. 2 However the reader should be aware that the thorough understanding

of the process ha$ greatly improved since these reviews were written. The

outstanding theoretical problems present in 1982, the K factor and anomalous p~

distributions, are now well understood.

One of the stated goals of nuclear physics is a characterization of nuclear

behavior based on QCD. Realization of this goal doubtless lies in the distant

future as it requires both a quantitative ❑ethod for dealing with confinement

to obtain hadronic structure and characterization of hadronic interactions in

terms of quarks and gluons. At the present the development is in two direc-

tions; the largest theoretical effort goes into developing models of QCD to

yield hadronic structure. Less effort is invested in establishing the inter-

ar,tions necessary to provide the basis for calculations in nuclei. On the

experimental front, deep inelastic lepton scattering provides a direct measure

of the quark momentum distribution of nucleons, both free and inside nuclei.

Studies of hypernuclear structure and hyp*ron-nucleon scattering provide clues

to the underlying mechanisms of hadronic interactions.

The most celebrated case of nuclear medjum effects on the quark momentum

3 Figure 1 shows the data collecteddistribution is the so-called EIIC effect.

by the EMCgroup measuring th~ ratio of the quark structure function per

nucleon measured in Fe to that measured in ‘H. While there is some controversy

about details of the data there is little doubt that there is a relative

dilution of quark momentum in Fe at intermediate values of x (0.3 ~ x < 0.6).

This observation has produced a spate of theoretical explanations ranging from

quark reconfinement within the nucleus to p~on exchange currents to a rather

trivial explanation based on nuclear binding effects. Uhatever the ultimate

explanation we take the point of view that measurements of the quark
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FIGURE 1
Ratio of tha quark structure function F (x) par nucleon as moasurad in Pa to
that measurad in ~H. Tha EHC data ara $rom Raf. 3 whil~ tha SLAC data ● ra fcom
A. Ilodak at al., Phys. Rev. Lett. 50 (1983) 1431, 51 (1983) 534.

distribution functions in nucl~i ara extremely important from tvo points of

vievt First they can tell us if hadronic structura is modified in nuclei (its

immutability is an impli$lt ●ssumption of all detailed models OE nuclear

structure) and secondly these quark distributions should contain ir~formation

about the hadronic content of nuclei. It is significant to note that until the

EIIC ●xperiments there vas no ❑easurement capabla of addressing tha question of

vhether there were mor~ or less pions in a nucleus than those which “dress” the

individual nucleons. In principla the comparison of the antiquark distribution

function of a free nucleon compared to that measured in a finite nucluus should

address that question. Of coursep better EHC data (which are being gathered

and should be available over the next two years) and information more spacific

to quark flavor than is the deep inelastic scattering of chargad leptons will

be required to provide a sound ba~is for comparison.



This communication will develop the case for flavor specific measurements

via use of the Drell-Yan process. It must be admitted however that measurement

of flavor specific quark distributions is a long vay from a complete descrip-

tion of a hadron much less a nucleus as two- and three-body quark correlation

functions are obvi~usly of great importance. Hovever ❑any crucial issues may

in principle be addressed via quark distribution measurements. For example

relativistic descriptions of the nucleon-nucleus interaction give rise to a

sizable component of N-N per nucleon. The enhanced number of virtual pairs may

be observable in measurement of the antiquark distribution function. In a

similar fashion one should be able to test the prediction of many nuclear

models in terms of the enhanced or altered quark distribution function implicit

in the ❑odel. Huch vork needs to be done to clarify hov to carry out the

deconvolution of virtual hadronic components in terms of the quark structure

5’6 of such vork in the literaturefunctions. Vhile there exist a few examples

there is no general agreement on how these deconvolutions should be carried

out.

2. THE DRELL-YANPROCESS

The discovery by the EHC of an observable difference in the quark distribu-

tion function per nucleon betveen Fe and ~H generated a great deal of interest

among nuclear and particle physicists. It has proven difficult hovever in the

intervening three years to provide a specific explanation for the ●ffect large-

. ly because of the very limited information that can be obtained from ‘nclusive

deep inelastic scattering of charged leptons. For very large values of the

momentum transfer Q the follovfng condition obtajns for the scattering from

inelastic quarks

6L F~ - 2XF1
Rm—- .0 .

UT 2XF1

In this approximation the cross section for charged lepton scattering is

written’ as

(1)

E-E’ vvhere y ■ —
Qa

E ‘E and x - TV*
The variabla x is to be understood as the

fraction of a nucleon’s totalpmomentum carried by the struck quark. In terms

of quark degrees of freedom the structure function F:m(X) is



(2)

where i is an index denoting the quark flavor and ei is the charge of the ith

flavor. The designation qi(x) (~i(x)) is the probability of finding a quark

(antiquark) of flavor i carrying ❑omentum fraction x.

Equation 2 reveals the limited information that can be obtained from deep

inelastic charged lepton scattering. The charged leptons scatter from all

quarks and antiquarks with a weight fixed by the square of their charge. In

order to obtain ❑ore specific information on the quark flavor other deep

inelastic processes such as charge changing neutrino scattering can be

employed. As neutrinos couple to quarks in the same manner as antineutrinos

couple to antiquarks the cross aectio for neutrino (v) and antineutrino (S)

scattering from an iso9calar nucleon
r,]

p+n
can be written as

d2 =VN Gzm XE
~[U(X) + d(X) + 29(X) + (1 - y)a(~(X) + d(X))]

a-
(3a)

and compacting notation by writing u(x) ● u,

da *CN Cam XE
=---9+i i+25+(y)~(u(u +d)] .

~
(3b)

Thus in principle, combinations of w and g scattering or v- scattering at larga

valuas of y should yield th~ antiquark distribution function for tha light

8 obtained by tha CDHS group who ❑aaauradquarks. Fjgure 2 shows th~ r~sults

the ratio of tha antiquark distribution functions in F, and lFI. The range in x

over which th~ measurement was possible is very small and tha errors ara quite

large. The curves included in Fig. 2 ar, tha predictions 9 of a rascaling model

and a pion exchange calculation. Both of thesti models describa tha Et4C effect

but diffsr grlatly for fundammtal reasons on thair predictions of tha anti-

quark distribu:ion~. Unfortunately the neutrino ,masuremants are not suffi-

ciently sbnsiti~a to distinguish between thase mod~ls ●nd would r-quira a

bettar than tenfold increasa in statistics to do so. Henca if progress in this

area is to ba mada othar maasuremmts must ba brought to baar.

As indicated in th~ introduction the Dr@J1-Yan process has just tha speci-

ficity rcquirod to provida flavor spacific quark or antiquark distribution

functions.
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FIGURE 2
Ratio of the antiquark structure functions ~(x) per nucleon for Fe compared to
H. The dsta are from ?.ef. 8 while the prediction of th~ resealing models
(solid curve) and the pion exchange model (dashed curve) come from Ref. 9.

The use of the Drell-Yan process has been advocated by several authors9-13

to meawre quark distribution functions in nuclei. Many9~10~12~13 advocate its

use to: measuring the antiquark distributions which if done to sufficiently

accuracy could provide entirely new iilformation m QCDeffects in nuclei. The

Drell-Yan process is shown in Fig. 3. In

from the projectile (1) annihilate with a

this process a quark or antiquark

corresponding antiquark or quark in

I=hdron

Target

FIGURE
Diagram of the Drell-Yan procuss

3
in which H(1) + H(2) + Qfx,

the target (2) creating a massiv~ photon which decay~ to a dilepton pair. The

●xpression for the yield of dileptons is given by



da
‘4Kd ~e~[qi(l)iji(2) + ~i(l)qi(z)l ●— a—

dx1dx2 9sx~x~ i
(4)

The kinematics of the process is simple with the energy of the virtual

photon given by

G
EY = (xl + ‘2) ~

with a momentum along the beam direction.

hence the mass of the virtual photon is

m+ . ~2 - pi . sx1x2
Y

where the center of mass energy, s is

s a 2rnpE .

The basic relation between the physical observable and the quark variables is

.

and

2PQ. *
‘1

-X2”77 “

Equation (4) was derived 14 in the simple parton model and in order to achieve



agreement with experiment the quantity K had to be set equal to approximately

two. Recently several authors 15 have shown that the K factor can be calculated

within QCD and its constancy and value are well reproduced. In addition the

anomalous perpendicular momentum (pi) observed for the dilepton pair can also

b~ accounted for via QCD calculation,

Distortion of the quark momentum distribution via initial state interactions

represents a possible difficulty for unambiguous ❑easurements in finite nuclei.

This problem has been considered by a variety of authors 16,17 “ho all came tO

the conclusion that for measurements detecting sufficiently massive dilepton

pairs the effects of initial state interactions is small. For example the con-

dition derived by Bodwin16 et al. is “

m; > (0,25 GeV)A2/~ . (5)

As will be shown below it is necessary to have ❑;> (4 GeV)z in order to avoid

contributions to the dilepton yield irom J/IJI wctor mosona. Using that condi-

tion in Eq. (5) it is clear that one is quite safe even for the heaviest

nuclei.

One test of these notions of distortions is the A dependence of structure

function measurements. Figure 4 shows a plot of the results obtained by the

I .5 ‘ r I I I

I(
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.0u ●* ‘If T 4 ‘‘

0.9-
am2!* 1-
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FIGURE4
Plot of u versus the mass of the dilepton pair.

CBF collaboration,18 These results show co;,vincingly that the observed yield

for m; > 4 GeV/Ca



duDy(h*A) = A da(h*N) . (6)

A tabulation of all results searching for A dependence is presented in Kenyon’s

review where it can be seen that Eq. (CJ) is satisfied to the limit of experi-

mental accuracy (2%).

Fig. 5 is an extensive plot of the yield of IJ+V- pairs as a function of the

mass of the dilepton pair. The ❑easurement is carried out with proton at a

laboratory energy of 400 GeV/c. In addition to the continuum yield of Drell-

Yan V+I,I- pairs there are peaks in the observed yield which result from the pair

decay of vector mesons (p, w W, W, t, T’, etc.). Obviously ❑easurement of

the Drell-Yan process must avoid these contributions, hence a safe region to

work is 4 < ~B < 8 GeV/cz.

.
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FIGURE 5
Yield of IJ+I,I- pairs as a function ot ~-.

%
The data are due to tha Columbia-

Fermilab-Stonybrook (CFS) collaboration as presented in Ref. 1.



The Drell-Yan model leads to a simple prediction of the angular distribution

of the leptons relative to the beam direction in the rest frame of the dilepton

pair. In a collision q-~ annihilation produces a virtual photon with its spin

aligned along the beam direction. This leads to an expected angular dis-

tribution of the form 1 + :osJO. For ❑y > 4 GeV the measured distributions19

are as expected. The angular distribution measured for ❑Y m ❑J,V the observed

distribution was nearly isotropic. An interesting observation ❑ade in Ref. 19

is that the angular distribution observed for 2.0 < my ~ 2.7 GeV is identical

to the one predicted for the Drell-Yan process. This window should be very

interesting to use to investigate initial state interactions mentioned above

that should occur in sufficiently heavy nuclei.

It is interesting to see how data already obtained via the Drell-Yan process

compare20 with the EIIICeffect. Figure 6 shovs the ratio of the Drell-Yan yield

for C, Cu, and V. It is shovn as a function of X2. The dotted line is the

expected result based on the EIIC effect. It is clear that the existing data,

while consistent with the EIIC effect, are not of sufficient accuracy to cast

any light on this interes~ing subject.

-+!!__L_!cEMcj

I 1
0 0.10 0.20 —

x

FIGURE 6
Plot of uas a function of x . The data are from K. J. Anderson et al,, Phys.
Rev. Lett. 42 (1979) 944 whi?e the EHC resealing prediction is from Ref. 20.—

Thus it appears that the Drell-Yen process has the capability of yielding

accurate information of the nuclear effects on quark momentum distributions,

Furthar the Drell-Yan process can be used much more selectively to yield much



more specific information than deep inelastic charged leptcm scattering ever

can.

3. MEASUREMENTOF THE ANTIQUARKDIS’iRIBUTION FUNCTION

Let us nov address specifically hov the antiquark distribution functions in

a nucleus would be measured. Figure 7 shows the structure functions

F2 =X(U + U + d + d +: s), XF3 = X(U - G + d - d), and ~v = x(U + d + 25) as

measured for the nucleon. At large values of x, F3 the valence quark dis-

tribution function varies as (I - x)3 vhile the antiquark distribution falls

like (1 - X)6. Hence in a Drell-Yan experiment vhere the incident particle is

a proton and one selects a sufficiently large value cf xl (forcing the particle

to be a q~~ark), then to arbitrary accuracy the annihilated target particle must

be a corresponding antiquark.

1.6 : 1 r I I

10< Q2<30iGeV*)

[

m CDI’IS a 1.07

F2 A CCFRRX0.90
s EMC x 10/5

8 ● BFP a 0.95 XIW5

1.2 .Am

(

o CDH5 x 1.07
x F, A CCFRRX 0.90

‘+ v a + CDHS 1 1.07 i

L

0.6

L

0,4 +

0.2 ,\PI]

o
o 0.2 0.4 0.6 0.8 I .0

x

FIGURE 7
The nucleon structure functions F2, XF3, and ~ as defined in the text and
presented in Ref. 7, p. S61.

Fig’:re 8 shows the kinematic regime in which the antiquark distribution

function of the target (X2) may be measured. In principle the conjugate

hatched area permits direct measurement of the quark distribution in the target

and to check the observed result against deep inelastic lepton scattering.

This is a povsrful check against the effect of distortions due to initial state

scattering. Figure 8 also shows the range of X1X2 accessible with 45 and

30 GeV beams. As the cross sections fall. like (1 - X2)11 it is clear that

45 GeV is near the minimum energy one would wish to employ.
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FIGURE 8
The upper limit reginn al’!ovs unambiguous ❑easurement of the antiquark distri-
bution in the target vin the Drell-Yan process while the lover cross hatched
region yields the quark distribution. The entire area to the right of the
curves labeled EL shows the region of X1X2 space accessible with a given
laboratory energy in GeV.

Further there is little reason to employ higher energy than necessary to

measure the region of x1x2 that one wishes to investigate. The reason for this

is seen in Eq. (4). Increasing the center of mess energy only reduces the

cross section unnecessarily. Of course high energy has to be employed if one

wants to investigate the antiquark distribution at small values of X2 as the

mass of the pairs must exceed 4.2 GeV. The minimum value of X2 that can be

investigated is then

9.43
X2 >

p (GeV/c)
(6)

where p is the momentum of the incident hadron.

The above discussion shovs that in principle that ratio of antiquark dis-

tribution function for nuclei can be ❑easured. F~gure 9 shows the expected

statistical accuracy that could be achieved vith a 45 GeV proton beam. One

assumes a 4-month run, 1013 protons sec ‘1 on a 10% interaction length target of

Fe and ~H and a 10X spectrometer acceptance. Nev ideas on spectrometer design

and vays of handling the incident beam COUld 8reatly reduce the required

running time. The propos~d Los Alamos design for its advanced hadron facility

has 20 times the current used in the above consideration. Finding a mode that
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Identical to Fig. 2 but Indicative of the atatiatical accuracy with which the
ratio of the antlquark diatributiofi factor could ba meaaurad under conditions
discussed in the text.

voulcl fully utilize this current in Drell-Yan ❑easurement would reduce the

required running time to the order of 1 weak!

A further feature of Dr~ll-Yan measurements that requires comment is the

possibility of examining quark mama ●ffects. For example, in an ●arlicr

mea9uremant 21 the rmtio o: tha K- to n- structure function on a platinum target

vaa obtained. As ahovn in Fig. 10 the ratio for th~ K- yield divided by the n-

fnlls appreciably below 1 for xl > 0.7. The reason proposed for this in

Ref. 21 19 that at swch largo valuea of xl only the valence quarks of the

mesons (K- = Iaii>, m- = ldCi>) are relevant, The i3 annihilate on u quarks in

the targat, hence the reaaon that the yield from kaona falla below that from

piona is the larger mass of the strange quark vhich cauaea tho U in tha kaon to

carry a smaller fraction cf the total momentum, While this may be correct

R~f, 21 makea no not, of the fact that aa xl increasea X2 ia ●llowad to become

smaller, in fact it reachea valuaa belov X2 - 0.1 ●t which point the sea playa

a significant role (see Fig. 7), It is also knovn that the number of d in the

sea ●xcceds the numbar of 3 so tha above ●xplanation based on the masa of the

strange quark may not be correct, Drell-Yan ❑eaaurementa with K+ can provide

the fraction of targat aea quark contributions to tha K yield.
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FIGURE 10
Ratio of the structure function of K- to n- as measured by Ref. 21.

I believe that we can see an exciting program of flzvor specific quark

momentum distribution measurements that may represent tha best information

physicists will be able to obtain in this area. These measurements should

. illuminate bcth hadron structure functions ai~d nuclear medium effects in a

that

unique way. Insofar as this is the case, I believe that it is imperative that

the energy of the kaon factories under consideration be increased well above

30 GeV to at least 45 GeV and there is a very good case for going to 60-80 GeV.

This important question of the upper energy should be the focus of future

meetings and discussions.

,1 would like to acknowledge useful discussions with Joel Moss, J. C. Peng~

and Ft. Johnson.
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